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Abstract. Laser-ablation experiments on solid (T = 300 K)
and liquid (T = 600 K) indium are reported. The ablation
was performed under high vacuum conditions with UV laser
pulses at 248 nm and pulse durations of 15 ns and 0.5 ps.
The ablated neutral indium atoms were resonantly ionized
with a second laser pulse 28 mm above the sample surface
and detected in a time-of-flight mass spectrometer. The abla-
tion threshold fluence for solid indium decreases by a factor
of 40 from 100 mJ=cm2 to 2.5 mJ=cm2 when a 0.5 ps pulse is
used instead of a 15 ns laser pulse. Measurements on liquid
indium show a different behavior. With 15 ns laser pulses
the threshold fluence is lowered by a factor of  3 from
100 mJ=cm2 for solid indium to 30 mJ=cm2 for liquid indi-
um. In contrast, measurements with 0.5 ps laser pulses do not
show any change in the ablation threshold and are indepen-
dent of the phase of the metal at 2.5 mJ=cm2. This behavior
could be explained by thermal diffusion and heat conduction
during the laser pulse and demonstrates in an independentway
the energy lost into the material when long laser pulses are
applied. Time-of-flight measurements to investigate the un-
derlying ablation mechanism show thermal behavior of the
ablated indium atoms for both ps and ns ablation and can be
fitted to Maxwell–Boltzmann distributions.
PACS: 78.66.Bz; 42.62.-b; 81.15.Fg
The interaction of laser light with materials and the process-
ing of surface modifications have been investigated for many
years. Nevertheless the study of desorption and ablation pro-
cesses is still a growing field in basic science, engineering,
andmicro-mechanics [1–6]. The study of the basic desorption
and ablation mechanisms is a great challenge, since the un-
derlying processes are still not completely understood. On the
other hand, laser material treatment is applied in very different
fields, especially in micro-machining and micro-fabrication.
Obviously, laser ablation depends on a large number of pa-
rameters such as the material properties, laser parameters,
and chemical environment. Therefore, the investigation of the
suitable regimes for laser treatment of different materials is of
high priority. Current laser ablation experiments concern semi-
conductors [7], materials such as crystals and glasses [8–10]
that are transparent in the visible, polymers [11, 12], and
metals [13, 14]. The precise ablation of metals presents some
difficulties, since the high thermal conductivity of metals re-
sults in a large energy loss by heat diffusion into the bulk
during the laser pulse. This dissipating thermal energy leads
to an increasing temperature of the material outside the laser
spot, not resulting in ablation but modification of the crys-
tal structure. For this reason, it is important to reduce the
energy loss and heat transfer into the material, to prevent un-
desired modifications, and to search for new nonthermal, i.e.
electronic, ablation mechanisms.
One possibility for reducing the energy loss into the ma-
terial is to shorten the laser pulse duration to the femtosecond
region. For fs laser pulses the heat diffusion into the materi-
al is negligible and, as a consequence, the energy loss during
the laser pulse is minimized [15, 17]. The thermal diffusion
length Lth is given by Lth / (κτ p)1=2, wereκ is the thermal dif-
fusivity and τ p is the pulse duration. The thermal diffusivity is
related to the thermal conductivity k byκ = k=%c, were% is the
density and c is the heat capacity of the metal [16]. For 15-ns
pulses the thermal diffusion length for metals is of the order
of 1 µm and decreases to about 20 nm for 0.5-ps pulses [17].
Consequently, rapid energy accumulation occurs in the optical
absorption volume for fs pulses and hence efficient ablation
takes place if the accumulated energy reaches a critical val-
ue, of the order of the enthalpy of evaporation. In other words,
compared to the case with ns laser pulses, the ablation thresh-
old is drastically lowered for short laser pulses. Tomeasure the
influence of the thermal heat diffusion on the ablation process
we have investigated the ablation threshold fluence directly by
changing the laser pulse duration from 15 ns to 0.5 ps. A sec-
ond and independent way to show the influence of energy loss
by heat diffusion into the material is, according to the relation
Lth / (κτ p)1=2, to vary the thermal properties, i.e. the thermal
diffusivity κ or the thermal conductivity k at a constant laser
pulse duration. Since the thermal conductivity for indium at
the melting point changes in a step-like function by a factor of
2 [18–20], thismust influence the thermal diffusion length and
hence the energy loss into the material during the laser pulse.
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This dramatic change in the thermal conductivity to a lower
value must result in a lowering of the threshold fluence.
To obtain further information about the basic mechanisms
of metal ablation it is necessary to perform measurements at
extremely low ablation rates, i.e. ablation rates much less than
1 monolayer. In this case no interaction between the ablated
species through collisions, shockwaves, and plasma formation
can take place. This allows us to measure the velocity and an-
gular distribution [21] of the ablated species resulting from the
initial ablation process, and thus to distinguish between ther-
mal and nonthermal processes [22–25]. In our experiment we
have investigated the time-of-flight distribution of the ablated
indium atoms from solid and liquid indium samples by using
UV laser pulses in the ns and fs regimes.
1 Experimental
The experimental arrangement is schematically shown in
Fig. 1. All the experiments reported in this paper were
performed under high vacuum conditions at a pressure of
10−7 mbar. The sample consists of an indium disk, 35 mm
in diameter and 5 mm thick. It was prepared by melting high-
purity indium (99.99%) in a glass crucible. The absolutely
smooth and highly reflecting metallic surface is illuminated
with a laser beam perpendicular to the indium surface. To
guarantee that during the measurement every laser pulse il-
luminates a new surface area, which has not been modified
by previous laser pulses, the indium sample can be rotated
by a motor. Furthermore, the sample can be heated to 700 K.
This allows measurements on solid and liquid indium un-
der identical conditions. The sample temperature is measured
Fig. 1. Schematical sketch of the experi-
mental setup
by a thermocouple. A commercial excimer laser (Lambda
Physik), operating at a wavelength of 248 nm, is used as the
ablation laser for the measurement with 15-ns pulse duration.
The experiments with 0.5-ps pulse duration are performed
with a two-channel hybrid excimer laser at 248 nm [26]. The
repetition rate of the system is10 Hz. The homogeneous part of
the laser beamprofile is used for the ablation experiments. The
light focused onto the indium sample by means of a suprasil
lens (f=25 cm) has a spot size on the indium surface of about
300 µm in diameter. In front of the window of the vacuum
chamber, a dielectric beam splitter is used to reflect 50% of
the laser energy onto an energy meter (Polytec Rj 7200). This
arrangement allows us to measure the energy of each pulse
and to correlate the ablation signal with the pulse energy. This
is important because small fluctuations in the laser intensi-
ty result in drastic changes in the ablation signal intensity.
Furthermore, we can make direct fluence variations by atten-
uating the laser beam. We use a variable dielectric attenuator
to change the fluence on the sample between 4% and 80% of
the available energy of the laser. The beam line and hence the
position of the spot are not affected by variations of the laser
intensity because of the presence of a second compensating
quartz plate.
A pulsed narrow-band doubled dye laser operating at
214 nm is used to ionize the ablated neutral indium atoms.
Resonant ionization occurs after a flight distance of 28 mm
above the sample, between the grids of a time-of-flight mass
spectrometer. In the drift tube the indium ions are mass se-
lected and detected by a channel plate. The detected signal is
proportional to the number of indium atoms in the ionization
volume. The signal is recorded by a digital signal analyzer and
stored in a computer.
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Two different kinds of measurementswere taken. First, the
ablation threshold and the dependence of the ablation signal
on the laser fluence were analyzed. To do this, a constant delay
time between the ablation and ionization lasers is chosen and
the fluence of the ablation laser is varied by the attenuator. Sec-
ond, the ablation signal for a specific constant laser fluence for
different delay times between the ablation and ionization lasers
was recorded. This measurement allows us to determine the
time-of-flight distribution and hence the kinetic energy of the
ablated indium atoms. From these measurements it is possible
to extract details of the underlying ablation mechanism.
2 Experimental results
The ablation threshold and ablation signal as a function of
the laser fluence were measured for solid and liquid indium
for 15-ns and 0.5-ps pulse durations at a laser wavelength of
248 nm. The delay time between the ablation and ionization
lasers was set to 24 µs. The largest signal was detected at this
delay time and thus the highest sensitivity for the ablation
threshold measurement was obtained.
Figure 2 shows the ablation signal of indium atoms, emit-
ted as neutral atoms in perpendicular direction from the solid
indium surface, as a function of the laser fluence for 15-ns
and 0.5-ps pulses. For 15-ns pulses the ablation threshold is
about 100 mJ=cm2. The signal increases slightly with the flu-
ence. Above 120 mJ=cm2 the signal increases drastically and
shows a linear behavior in the investigated fluence regime.
The ablation with 0.5-ps pulses also shows, under exactly
equal conditions, a linear dependence, but in contrast to the
case for ablation with 15-ns laser pulses, the threshold flu-
ence is now lowered by a factor of 40 down to 2.5 mJ=cm2.
Furthermore, the slope of the linear increase for fs ablation is
3.5 times higher than for ns ablation. For liquid indium the
ablation threshold for ns ablation is lowered by a factor of 3
compared to the threshold in the solid phase (Fig. 3), indi-
cating that the physical properties responsible for ablation do
Fig. 2.Ablation signal of the detached neutral indium atoms from solid indium
as a function of laser fluence for short (500-fs) and long (15-ns) laser pulses
at 248 nm. The ablation threshold for 500-fs laser pulses is lowered by a
factor of 40 compared to the ablation threshold for 15-ns laser pulses. The
translation temperature of the atoms at the indicated laser fluence is deduced
from the time-of-flight distribution (see also Fig. 5)
change at the phase transition. The slope of the linear function
of the ablation rate is nearly the same for both phases. For fs
ablation, however, the ablation threshold fluence for liquid in-
dium is identical to the threshold fluence for solid indium at
2.5 mJ=cm2 (Fig. 4) except that the slope of the ablation sig-
nal for the liquid phase is increased by a factor of 3 compared
to the solid ablation case.
Two examples of time-of-flight measurements for 15-ns
ablation at 150 mJ=cm2 and 0.5-ps ablation at 7.35 mJ=cm2
for solid indium are shown in Fig. 5. Themeasurements can be
approximated by Maxwell–Boltzmann velocity distributions.
The translational temperatures are 4900 K for fs ablation at
a fluence 20 times less than that for ns ablation, for which
a temperature of 3050 K is deduced. Both the fluences and
the temperatures, are indicated in Fig. 2. Additional time-of-
flight measurements show for ns and fs ablation an increase
Fig. 3. Ablation signal of the detached neutral indium atoms from solid and
liquid indium after illumination with 15-ns laser pulses at a 248-nm wave-
length. The ablation threshold is dependent on the liquid or solid state of the
indium metal. In case of liquid indium the threshold is lowered by a factor of
3 compared to the solid state
Fig. 4. Ablation signal of the detached neutral indium atoms from liquid and
solid indium after illumination with 500-fs laser pulses at a 248-nm. The
ablation threshold is independent of the liquid or solid state of the indium
metal. Above the threshold, the ablation is more efficient for liquid indium
m7 May 1997 MS No. APA597
542
Fig. 5. Time-of-flight distribution of the indium atoms detached from solid
indium for 500-fs and 15-ns laser pulses. The measured values are fitted
with a Maxwell–Boltzmann distribution resulting in translation temperatures
of 3050 K and 4900 K, respectively (see also Fig. 2)
in both the ablation rate and the translational temperature of
the ablated atoms with an increasing fluence. Obviously, the
accumulated energy for removing the same amount ofmaterial
from the surface, i.e. the same signal intensity in the time-of-
flight spectrometer, by using fs pulses results in ablated atoms
with higher energy compared to atoms emitted by ns pulses.
3 Discussion
We define here the ablation efficiency η as the ratio of the
number of ablated atoms (Natom) to the number of pho-
tons (Nphoton) illuminating (not absorbed by) the surface
(η = Natom=Nphoton). Since the fluence is proportional to the
number of photons and the channeltron signal is proportional
to the number of the ablated atoms, it is clear from Fig. 2 that
fs laser pulses are muchmore efficient for the ablation process
than ns pulses. With the increasing efficiency for short laser
pulses, the thermal load on the surrounding material is less
than for long laser pulses since the absolute energy deposit-
ed in the material is also lower. In other words, less energy
is needed to remove the same amount of material with short
laser pulses.
The higher ablation threshold for ns laser pulses is caused
by the energy dissipation into thematerial during the long laser
pulse, whereas during the short laser pulse a negligible energy
dissipation into the material occurs, resulting in a drastically
lower ablation threshold.
The most striking difference between fs and ns ablation of
solid and liquid indium is the fact that for fs irradiation the
ablation threshold is independent of the metal phase, where-
as for ns ablation the ablation thresholds for solid and liquid
indium are different. This behavior occurs not only for the
measurement at the delay time of 24 µs between the abla-
tion and ionization laser presented in Fig. 2, 3 and 4 but also
for all other delay times. For this reason it must correlate
with a specific change in the physical properties of the indium
sample during the transition from solid to liquid. For example,
the optical penetration depth, relaxation time, or other optical
properties, such as reflection, change slightly at the transition
from the solid to the liquid phase. But since these changes are
observed for both time regimes, ns and fs, in the same way
– because the applied fluence is too low for two-photon pro-
cesses – the ablation behavior should also change for ns and
fs pulse in the same way.
We suggest the followingmechanism to explain the differ-
ent behavior. In the solid indium the light is absorbed within
the optical penetration depth of about 20 nm by electron exci-
tation. The excited electrons thermalize in a very short time,
typically of the order of 10−14 s, to a thermal electron distri-
bution. This energy relaxes by electron–phonon coupling on a
time scale of 10−12 s to the lattice, resulting in an energy trans-
fer to the atoms and heating of the material [27]. If the energy
necessary to release atoms from the surface is reached, des-
orption occurs. This energy is accumulated much faster for fs
pulses than for ns pulses since the energy loss by dissipation
through thermal conductivity, according to Lth / (κτ p)1=2, is
minimized for fs pulses. This is well known and has been
shown for metals and other materials.
In the case of liquid indium the excitationmechanism is un-
changed, but since the lattice structure is no longer present, the
thermal conductivity changesdrastically at the phase transition
from the solid to the liquid phase. The thermal conductivity
of liquid indium changes in an extremely small temperature
region around the melting point at 429 K from 78 W=mK for
solid indium to 40 W=mK for liquid indium [18–20]. As a re-
sult, the energy dissipation by thermal conductivity is much
lower than in the solid phase. This, for the case of ns laser
pulses, leads to a larger energy accumulation close to the sur-
face at lower fluences, and hence to a reduction of the ablation
threshold. For fs irradiation the thermal conductivity changes
in the same way, but since during the 0.5 ps laser pulse almost
no energy dissipation occurs – for both phases the thermal
diffusion length is on the order of a few nm, which is with-
in the optical penetration depth – thermal conductivity can be
neglected and hence the ablation occurs at the same fluence
threshold as for the solid phase (see Fig. 4). These measure-
ments for solid and liquid indium for ns and fs laser pulses
show in an independent way – by varying the thermal conduc-
tivity of the indium metal – the influence of the energy loss
through diffusion during the laser pulse duration.
The different slopes of the ablation functions can be ex-
plained by the following considerations. The ablation rate
detected in this experiment is kept to less than one monolayer
per laser pulse and the ablated atoms originate from locations
on the surface with special binding sites or geometric orienta-
tions. This can be concluded from the fact that the ablation rate
decreases as a function of the number of applied laser pulses
if, in consecutive pulses, the same indium surface is illumi-
nated. In other words, the laser modifies the surface in a way
that, at a constant fluence, all atoms with a specific, i.e. low,
binding energy are removed, or the surface is modified by rear-
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rangement of the surface atoms. Solid and liquid indium have
definitely different surface nano-structures, because the lattice
structure is lost, i.e. the number of atoms that can be ablated
at a constant fluence is different. Since the ablation for fs laser
pulses occurs in a very short time (the energy is accumulat-
ed very rapidly), the ablation rate gives information about the
number of these sites, because these sites are ’frozen’ during
this time. For the liquid state the number of atoms at specific
sites is higher than that for the solid state and hence the slope
of the ablation signal is higher. For ns ablation the energy in
the sample accumulates in a much longer time; the pulse du-
ration is 3104 times longer than for fs ablation and hence
the surface reaches the ablation temperature much later. Dur-
ing this time the surface can be rearranged for the solid as well
as for the liquid phase by surface diffusion of the atoms, so
that in both cases an almost identical surface structure can be
reached and hence the same number of atoms can be ablated.
This is the reason for the nearly equal slopes in the case of ns
ablation.
The time-of-flight distribution for both time regimes and
material phases can be fitted to Maxwell–Boltzmann distribu-
tions (Fig. 5). This is not contradictory to a thermal ablation
mechanism.
4 Conclusion
A detailed study of the ablation process of solid and liquid in-
dium with UV laser light is reported for the first time. For the
solid sample a reduction in the ablation threshold is observed
if the pulse duration is reduced from ns to fs. This reduc-
tion is explained by a reduced heat diffusion during the short
pulse. For liquid indium no threshold reduction compared to
solid indium is observed for fs pulses, because the change in
the thermal conductivity does not affect the thermal diffusion
during the short-pulse duration. In contrast, we observe for
ns irradiation a reduction in the threshold fluence compared
to the solid phase, since the lower thermal diffusion allows
a better energy accumulation close to the surface. The meas-
urements on solid and liquid indium show, the influence of
the thermal diffusion on the ablation process. Further experi-
ments with other metals will be performed to demonstrate the
general behavior of this effect. Furthermore we have shown
by time-of-flight measurements that the ablation mechanism
is thermal.
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